Objectives: We compared the ability of molecular biomarkers for Alzheimer disease (AD), including amyloid imaging and CSF biomarkers (Ab 42 , tau, ptau 181 , tau/Ab 42 , ptau 181 /Ab 42 ), to predict time to incident cognitive impairment among cognitively normal adults aged 45 to 88 years and followed for up to 7.5 years.
Biomarkers may signal underlying Alzheimer disease (AD) pathology a decade or more before the appearance of dementia symptoms. 1, 2 Therefore, understanding the temporal relationships between biomarker levels in cognitively normal adults, symptomatic AD (i.e., incident AD), and factors that modify those relationships is imperative. 3 The National Institute on Aging/ Alzheimer's Association workgroup urges that the factors that best predict progression from normal cognition to cognitive impairment and dementia due to AD need to be determined. 3 The most well-studied and promising molecular biomarkers of AD are those that reflect the presence of the signature lesions of AD: plaques, which comprise the amyloid-b (Ab) protein, and tangles, which comprise the tau protein. Both amyloid imaging, 4 used to identify fibrillar Ab plaques, and CSF biomarkers, 5 which reflect soluble Ab, tau, and phosphorylated tau (ptau), predict incident AD. [6] [7] [8] However, until now, directly comparing the predictive ability of amyloid imaging with CSF biomarkers was difficult, given the recent development of amyloid imaging 4 and attendant short follow-up times, the lengthy hypothesized time between the appearance of AD pathology and dementia symptoms, and participant cohorts lacking measurement of both biomarker types.
Our primary goal is to compare individual molecular biomarkers of AD in cognitively normal persons in relation to incident cognitive dysfunction as a necessary first step for future individual-level prediction. Consistent with this goal, we examined whether incorporating demographic information strengthened the predictive power of the biomarker models. METHODS Participants. We used archival data that were collected prospectively from participants enrolled in longitudinal studies at the Knight Alzheimer's Disease Research Center (ADRC). Recruitment procedures have been reported. 9 In brief, participants are recruited through word-of-mouth, advertisements, and community events for annual clinical assessments. Participants are representative of older adult cohorts used in research. Individuals with comorbid disorders are included 10 unless their health conditions may interfere with longitudinal follow-up (e.g., metastatic cancer).
Standard protocol approvals, registrations, and patient consents. Study protocols were approved by the Washington University Medical Center Human Subjects Committee, and written informed consent was obtained from all participants.
Clinical assessment. Annual clinical and neuropsychological assessments take place at the Knight ADRC. A Clinical Dementia Rating 11, 12 (CDR) is derived by experienced clinicians who synthesize information obtained from interviews with the participant and separately with an informant who knows the participant well, and the neurologic examination. The CDR is reliable. 13 The clinician's judgment about the presence of dementia is based on the principle of intraindividual change where the individual is used as his or her own control. The CDR is derived in accordance with a standard scoring algorithm: 0 5 no dementia, 0.5 5 very mild, 1 5 mild, 2 5 moderate, and 3 5 severe dementia. A CDR $0.5 indicates clinically significant cognitive impairment. For participants who meet this criterion, a clinical diagnosis indicating the suspected etiology of the impairment is assigned. A diagnosis of AD dementia is based on evidence that the participant has experienced the gradual onset and progression of memory and other cognitive problems that represent a change from a previous higher level of functioning, and that interfere with usual activities at home and in the community. Neuropathologic confirmation of the clinical diagnosis of AD dementia is found for 93% of cases. 14 Pittsburgh compound B uptake measurement. PET fibrillar Ab imaging was performed and processed as previously described. 14 In brief, a 60-minute dynamic scan was acquired after injection of 12 to 15 mCI of [ 11 C]Pittsburgh compound B (PiB). Reconstructed PET frames were corrected for motion, summed, and coregistered to an anatomical MRI performed in a separate imaging session. Three-dimensional regions of interest (ROIs) were created yielding regional time-activity curves. 14 Using the cerebellum ROI data as the reference tissue input function, a time activity curve for each ROI is analyzed for specific PiB binding. The slope of each curve reflects the tracer distribution volume in the tissue of interest relative to the input function. 14 A binding potential (BP) value reflecting the ROI binding value proportional to the number of binding sites for each ROI is calculated using the equation BP 5 distribution volume 2 1. The mean cortical BP (MCBP) is obtained by taking the mean of the BPs from brain regions known to have high uptake among participants with AD dementia: the prefrontal cortex, gyrus rectus, lateral temporal cortex, and precuneus. 14 
CSF measurement. Experienced neurologists used a 22-gauge
Sprotte spinal needle to collect 20 to 30 mL of CSF via lumbar puncture at 8:00 AM after an overnight fast. CSF samples are gently inverted to avoid possible gradient effects, centrifuged at low speed to pellet any cellular elements, and frozen at 284°C 15 after aliquoting (0.5 mL) into polypropylene tubes. Levels of Ab 42 , total tau, and ptau 181 were measured using ELISA (INNOTEST; Innogenetics, Ghent, Belgium). Samples were analyzed in batches of 40 upon receipt. CSF levels of Ab 42 have consistently been reported to be reduced in AD, whereas levels of tau and ptau (and the ratios of tau[s]/Ab 42 ) are increased. 16 Inclusion criteria. Data used were from cognitively normal participants (CDR 0) who 1) underwent both PET-PiB imaging and donated CSF within 1 year of clinical assessment, 2) had at least 1 additional assessment after the baseline assessment, and 3) were aged 45 years or older. To compare biomarker models across the same individuals, included participants were also required to have nonmissing data on all variables of interest.
Statistical analyses. Using separate Cox proportional hazards models, we first tested whether each of the individual biomarker variables (MCBP, Ab 42 , tau, ptau 181 , tau/Ab 42 , ptau 181 /Ab 42 ) was related to time to incident cognitive abnormality, defined by first CDR .0. To ascertain whether combining biomarkers with participant demographic information would improve longitudinal prediction of cognitive impairment, "expanded" Cox proportional hazards models were developed using the stepwise selection method with 0.05 used as both the probability to enter, and to exit, the model. Candidate variables for stepwise selection for each model were the biomarker variable, age, sex, minority vs white race, education, and the presence of at least 1 APOE e4 allele (APOE4).
A concordance probability estimate (CPE) 17 reflecting the accuracy of the predictive Cox proportional hazards model was calculated for all models. The CPEs of the predictive biomarker models were statistically compared with each other to determine which models had better predictive accuracy.
In the Cox models, data from participants who died, who did not return for follow-up, or who did not develop cognitive impairment over the follow-up period were statistically censored at the date of the most recent clinical assessment.
We also examined whether each of the biomarkers predicted cognitive decline on 5 psychometric tests common to all Knight ADRC longitudinal protocols (Animal Naming, 18 Trailmaking A test, 19 Trailmaking B test, 19 Selective Reminding Test-Free Recall subtest, 20 and the Mini-Mental State Examination 21 ) using linear mixed models, which included the intercept and slope terms as random effects. Similar analyses were conducted for a global composite psychometric score, 22 which was available for a subset of participants who had the same psychometric test battery. The linear mixed models were adjusted for the same demographic variables selected by the stepwise procedure in the expanded Cox proportional hazards model containing the biomarker of interest.
We repeated these analyses treating the biomarker values as dichotomous. Abnormal biomarker values are referred to as positive (1) and normal values are referred to as negative (2) subsequently in this report and were based on cutoffs used previously ($0.18 for MCBP, 23 ,500 pg/mL for Ab 42 , 24 .440 pg/mL for tau, 24 .78 pg/mL for ptau 181 , 24 .0.94 for tau/Ab 42 , 24 and .0.15 for ptau 181 /Ab 42 24 ).
RESULTS Available CSF data spanned August 1998 to July 2010, and MCBP data spanned April 2004 to March 2011. A total of 201 individuals aged 45.3 to 88.6 years met all inclusion criteria (table 1) . Their clinical assessment dates ranged from February 2004 to January 2012. Data from some of these participants have been used in other studies. 25, 26 interact to predict Ab 42 values (p 5 0.793, figure e-2). Similar results were found for analyses testing ptau rather than tau. As reported previously, 23 MCBP (p , 0.001) and Ab 42 (p , 0.001), but not tau and ptau (p . 0.258), were associated with number of APOE4 alleles in this sample. Mean MCBP values were 0.078, 0.157, and 0.424, and Ab 42 values were 666.9, 586.7, and 350.2 pg/mL, for individuals with 0, 1, and 2 APOE4 alleles, respectively. Biomarker values were unrelated to sex and race (p . 0.190).
Of the included participants, 28 (13.9%) developed incident cognitive impairment (defined as CDR $0.5) over a mean follow-up period of 3.7 years (range 0.96-7.53 years). Mean CDR sum of boxes score at the time of first CDR .0 was 1.42 (SD 5 0.89). Of the 22 participants with at least 1 additional assessment after their first CDR .0, 7 had CDR 0 and 15 had CDR .0 at their most recent assessment.
In the Cox models testing the biomarkers alone, abnormal values for all biomarkers were associated with a faster time to cognitive impairment (table 2). Calculation of CPE values reflects the predictive accuracy of a model containing censored data, and thus, is conceptually similar to using a receiver operating characteristic curve to assess the predictive value of a model predicting a binary outcome. 28 As with the area under the receiver operating characteristic curve, larger CPE values reflect more accurate predictive accuracy. 28 No differences in predictive value were found between the CPEs yielded by the individual biomarkers (p . 0.077) treated continuously. When treated dichotomously, Ab 42 was a better predictor than tau (p 5 0.019), but there were no other differences between the biomarkers (p . 0.067).
In the stepwise models, older participant age, male sex, and minority race indicated faster time to cognitive impairment in every model (table 2) . APOE4 also entered the models testing tau and ptau alone, but not models including terms reflecting PiB uptake or Ab 42 . Once age, sex, race, and APOE4 entered the model testing ptau as a continuous variable, the ptau effect was marginally significant (p 5 0.057). The biomarker term remained a significant predictor in the expanded models for all other biomarkers, and for ptau treated as a dichotomous variable. For all biomarkers, the expanded model resulted in better prediction of time to incident cognitive impairment than the model containing the biomarker alone (p , 0.007), but the predictive values of the expanded models did not differ from each other (p . 0.281).
To better understand the nature of the tau/Ab 42 and ptau/Ab 42 ratios and their relationship with incident cognitive impairment, we constructed a stratified variable reflecting the 4 possible combinations of (figure 2B, table e-2) . Table e-3 shows the results of testing the longitudinal change in psychometric test scores as a function of each biomarker. Abnormal values of all biomarkers were associated with declining cognition on at least one of the individual psychometric tests (p , 0.042).
As illustrated in figure 3 , some individuals with abnormal biomarker levels remained cognitively normal several years after biomarker measurement. For example, of PiB1 individuals, 5 of 8 (63%) of those followed at least 4 years, 3 of 4 (75%) of those followed at least 5 years, and 2 of 3 (67%) of those followed at least 6 years remained cognitively normal. DISCUSSION We found that all molecular biomarker variables examined predicted time from cognitive normality to incident cognitive impairment. Hence, AD biomarkers in cognitively normal persons designate a preclinical stage of AD that is marked by greater risk for developing cognitive impairment due to AD. There were no differences in the predictive ability of the biomarkers. These findings, using a larger sample size (N 5 201), a longer range of follow-up times (up to 7.5 years), and measurement of CSF and amyloid imaging biomarkers within the same individuals at approximately the same time, extend our previous work that showed that both CSF biomarkers 6, 7 and amyloid imaging 25 predict incident cognitive impairment.
Combining the biomarker values with information regarding certain participant characteristics resulted in better prediction of incident cognitive impairment for every biomarker. Our sample included adults aged 45 to 65 years, because previous work indicates that abnormal CSF Ab 42 levels can occur as early as the mid-40s, 23 consistent with data from families with autosomal dominant AD mutations suggesting that abnormal levels of the biomarkers studied here may occur 25 to 30 years before the appearance of dementia symptoms. 29 The present results support the hypothesis that both abnormal biomarker levels and older age are important factors in determining time to incident AD (e.g., see figure 3 ).
Moreover, our examination of the relationships among the biomarkers themselves indicated that CSF Ab 42 and tau interact to predict PiB uptake values, such that individuals with abnormal PiB uptake values usually have abnormal levels of both CSF Ab 42 and tau, rather than either alone. The pattern of results found among these biomarkers implies that abnormal changes in both Ab 42 and tau occur before, or coincide with, substantial deposition of fibrillar amyloid. This result is consistent with data from autosomal dominant AD families suggesting that changes in CSF tau and fibrillar amyloid deposition lag those of CSF Ab 42 . 29 Minority participants and men developed cognitive impairment more rapidly compared with white participants and women, after adjustment for biomarker levels. The majority (80%) of our minority participants were African American. It has previously been established that African Americans have a higher incidence rate of AD compared with Caucasians. 30 Because biomarker levels were included in the models, the faster time to cognitive impairment for minority participants cannot be a function of differences across the groups in average biomarker values. This is an important area for future research. Consistent with our results, a recent study suggests that the incidence of mild cognitive impairment is higher among men than women. 31 However, other studies suggest either no gender difference in incident AD dementia 32 or a higher incident dementia rate for women compared with men. 33 Autopsy data suggest that women are more likely to show dementia symptomatology in the presence of AD pathology, 34 whereas our results, using biomarkers as indicators of underlying AD pathology, suggest the opposite.
APOE4 aided in prediction of cognitive impairment in models testing tau and ptau, but not models testing Ab 42 , either alone or as part of the "ratio" biomarker values (i.e., tau/Ab 42 and ptau/Ab 42 ). Levels of Ab 42 , but not levels of tau and ptau, are associated with APOE genotypes among cognitively normal individuals. 23 Therefore, APOE genotype and Ab 42 may provide somewhat redundant information, and once Ab 42 is included in a model, APOE genotype does not add any predictive value.
As in the models testing each biomarker alone, the expanded models including participant characteristics did not differ from each other in longitudinal predictive ability. Although much more research needs to be done in comparing imaging and CSF biomarkers, these results imply that decisions about whether imaging or CSF biomarkers are obtained to determine preclinical AD may eventually rely more on factors such as acceptability of the procedure to the individual and physician, the cost of the assays, and availability.
Although nearly all biomarkers were related to change in the global cognitive functioning composite score with time, not all of the individual tests that make up the composite showed significant associations. This may be attributable to the regional distribution of neuropathology in the preclinical stages of AD. Psychometric tests that rely on integrity of regions in the limbic system and the precuneus, such as episodic memory tasks and verbal fluency tasks, are regions that also show increased amyloid deposition, 35 early structural changes, 36 and reduced functional connectivity, even in individuals without clinical symptoms of dementia. 37 Some individuals developed cognitive impairment but had normal baseline biomarker values. There are several possible explanations for this result. First, participants may have been misdiagnosed with cognitive impairment. Second, participants may be cognitively impaired due to a non-AD mechanism, or they developed abnormal biomarker levels postbaseline. Third, the biomarkers captured here may not reflect all pathology relevant to symptomatic AD. For example, amyloid tracers that bind strongly to fibrillar Ab plaques may be unable to detect AD characterized predominantly by diffuse Ab plaques. 38 Likewise, some participants had abnormal biomarker levels, but did not develop cognitive impairment during the follow-up period. As noted above, biomarker abnormalities may occur 25 to 30 years before the appearance of dementia symptoms. 29 Additionally, cognitive and brain reserve may have important roles in determining the time that individuals with abnormal biomarker levels will remain cognitively normal. 39 Finally, our results support the hypothesis that molecular biomarkers of AD signal underlying AD pathology a decade or more before the appearance of cognitive symptoms, 1,2 as we found that the majority of individuals with abnormal biomarker values followed 4 to 7 years remained cognitively normal.
Limitations of our study include the use of a convenience sample, so the extent to which these results are generalizable to the larger population is unknown. Some statistically significant differences reported here may be due to chance because we conducted multiple statistical tests. With decreasing p values, the likelihood that a difference is due to chance also decreases.
We find that AD biomarker profiles are associated with incident cognitive impairment, and hence, can be used to identify cognitively normal individuals at much higher risk of symptomatic AD for secondary prevention clinical trials. However, our results suggest that accurate prediction of future symptomatic AD for a specific individual will not depend on molecular biomarkers alone, but rather, will incorporate characteristics of the individual in making the prediction.
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